Magnetic monopoles have been a subject of interest since Dirac established the relation between the existence of a monopole and charge quantization. 't Hooft and Polyakov proved that they can arise from gauge theories as the result of a non trivial topology. In their scheme the mass of the monopole turns out to be large proportional to the vector meson mass arising from the spontaneous breaking of the symmetry at unification scales. To reduce from the GUT scale to the Standard Model scale we modify the potential in line with Coleman-Weinberg schemes and generate a second deeper minimum turning the original vacuum quantum mechanically unstable. This mechanism leads to radiating monopoles of lower mass which could be detected at LHC.
Introduction
The theoretical justification for the existence of classical magnetic poles, hereafter called monopoles, is that they add symmetry to Maxwell's equations and explain charge quantization [1] . Dirac showed that the mere existence of a monopole in the universe could offer an explanation of the discrete nature of the electric charge. His analysis leads to the Dirac Quantization Condition (DQC), e g = N 2 , N = 1,2,... ,
where e is the electron charge, g the monopole magnetic charge and we use natural units h = c = 1. In Dirac's formulation, monopoles are assumed to exist as point-like particles and quantum mechanical consistency conditions lead to Eq. (1), establishing the value of their magnetic charge. Their mass is a parameter of the theory.
Monopoles have been a subject of experimental interest since Dirac first proposed them in 1931. For experimental purposes the monopole mass has been considered a parameter and searches for direct monopole production have been performed in most accelerators. The lack of monopole detection has been transformed into a monopole mass lower bound of 400 GeV [2] [3] [4] [5] . Following the same approach much higher masses (up to 4000 GeV) can be probed at the LHC [6] [7] [8] . The consequences of monopole-antimonopole production and their subsequent desintegration into photons either directly or through the formation of a bound state, monopolium, has also been analyzed [9, 10] .
The breaktrough in monopole physics took place when 't Hooft [11] and Polyakov [12] independently discovered that the SO(3) Georgi-Glashow model [13] inevitably contains monopole solutions. They further realized that any model of unification with an electromagnetic U(1) subgroup embedded into a semi-simple gauge group, which becomes spontaneously broken by the Higgs mechanism, posseses monopole solutions. Thus the modern era of the monopole theory is intimately related to grand unification since in GUT schemes [14] the charge quantization condition arises if the electromagnetic subgroup is embedded into a semi-simple non-Abelian gauge group of higher rank. Therefore, charge quantization and grand unification are two sides of the same problem [15] . This mechanism however leads to masses proportional to the vector meson mass arising from the spontaneous broken symmetry ∼ M W /α em , α em being the fine structure constant at the breaking scale, i.e. a huge GUT scale. The quantized 't Hooft-Polyakov monopole was investigated by Kiselev in the Coleman-Weinberg model [16] leading to a small logarithmic correction to the mass [17] .
The vacuum, at any GUT scale, has to become metastable [18] since the superior symmetry has to break down to the Standard Model. The Coleman-Weinberg model was analyzed, as a mechanism to avoid the gauge hierarchy problem [19, 20] , in detail [21] [22] [23] with the conclusion that it leads to cosmological problems [24] and a very low Higgs mass [25, 26] .
In here, we study the monopole properties by changing the Coleman-Weinberg potential by general renormalizable logarithmic potentials of the scalar Higgs field with adjustable parameters. They are constructed in such a way that for certain values of their parameters they produce a second deeper minimum turning therefore the GUT vacuum into a false vacuum [18] . We implement the mechanism in the Georgi-Glashow model, analyzing the classical stability of the monopole solution under the change of potential. We analyze the quantum stability of the false vacuum and the implications of vacuum decay into the monopole properties. This toy model teaches us that, if nature is realized in this manner, monopoles at the standard model scale are unstable.
In the next section we analyze the original 't Hooft-Polyakov solution and find a variational ansatz which respects the boundary conditions and leads to an upper bound to the mass close to the true value. This ansatz can be easily generalized, as shown in Section 3, to incorporate the asymptotic behavior of the added symmetry breaking potential terms. In Section 4 we analyze the classical stability of the monopole solution. In Section 5 the quantum stability of the vacuum in the thin wall approximation and the implications of vacuum decay into monopole properties. Finally in Section 6 we extract some conclusions.
Monopole structure and mass
The SO(3) Georgi-Glashow model leads to a static monopole whose hedgehog solution is given by [27] 
where H(r) and K(r) minimize the mass of the monopole given by
Here α em is the fine structure constant, M H the higgs mass, M W the vector meson mass,
and ρ = rM W . The asymptotic analysis of monopole structure [15, 27] leads to a mass equation
with
where ǫ = 0 is the well known BPS limit [28] . Since SU(2) ⊗ U(1) does not contain stable solitons, the mechanism applies to Grand Unified Theories (GUTs) and therefore the 't Hooft-Polyakov monopole comes out too heavy to be produced in accelerator facilities and becomes only relevant for cosmological scenarios. We use the Georgi-Glashow model, as a laboratory model, to carry out our investigation. Let us recall the solutions for H(r) and K(r) in three different ǫ scenarios:
i) The small ǫ scenario one describes approximately by the BPS scenario , ǫ = 0, which leads to analytic solutions [28] 
ii) For the intermediate scenario the solution is not analytic but we can find an approximate variational input of the form
which has the correct asymptotic and low ρ behaviors. The values for a which minimize the energy are close to 2.
iii) The large ǫ limit also leads to analytic solutions,
We take Eq. 8 with a = 2 as our ansatz for all the values of ǫ of interest. In order to see the quality of this ansatz we show in Fig. 2 the function f (ǫ) calculated with it, together with its low ǫ and high ǫ limits. It is clear from the figure that our ansatz produces a mass value very close to the true solution for all values of ǫ, naturally always above. , the dashed curves the high ǫ description f (ǫ) = 1.787 − 2.228/ǫ which we stop at the BPS limit.
For the purposes of this presentation we study initially the case ǫ = 1, where this ansatz is a very good description of the monopole structure. We will discuss the ǫ dependence later on.
Tuning the monopole mass
We introduce the idea of metastability into the 't Hooft-Polyakov scheme [18] . Metastabilities of GUTs should lead to the low energy theory. Additional metastabilities might occur at low energies associated with large fields which might lead to additional changes in the properties of the monopole, but we will not consider them here [29] .
We start from the Higgs potential normalized as [27] 
where ǫ = M H /M W = √ λ/e, M W being the vector meson mass, M H the Higgs mass, e the electric coupling, φ 0 is chosen in such a way that the minimum of this potential is for
This normalization implies that the potential density will appear in units of (M 4 W /e 2 ). We would like to generate a metastable scenario in the SO(3) Georgi-Glashow model . For this purpose we add a term to the energy density which is constructed so that it keeps the original Higgs minimum but generates a secondary minimum which for some strength makes the original Higgs minimum unstable. Just below that strength the Higgs minimum is metastable, the required situation to lower the apparent mass of the 't Hooft-Polyakov monopole.
In order to do so we have studied adding potentials of the form
where by renormalizability α = 1, 2 ; β = 1, 2. These are all the possible terms which are functions of only the Higgs field and are renormalizable. Note that the dimensions of µ depend on α and β. µ will be measured in units of M
2−α−β withμ adimensional. Once we normalize this potential, following [27] as in Eq.(10) for the Higgs potential, we obtain,
This term added to Eq. (10) constitutes our modified potential. We use from now on only the adimensionalμ and omit the tilde. These potentials change the equations of motion of the 't Hooft-Polyakov monopole [27] to
For a fixed value of ǫ the position of the absolute minimum moves as we change µ. This can be seen in Fig. 3 for (α, β) = (1, 1). All these potentials are bounded from below except for (α, β) = (2, 2). The boundary conditions for the monopole satisfying Eqs. (14) remain the same [27] ,
and
Analyzing the equations of motion we find that H changes its asymptotic behavior with respect to that of the original Higgs potential, while K does not, i.e.
where
The low ρ limit is given by
where h and k are functions of ǫ and µ to be determined by matching the asymptotic integration with the low ρ integration. We have shown that the following functions
give a good approximation to the true solution by comparing with the numerical solutions and by minimizing the energy functional.
Having a good ansatz for the monopole solutions we proceed to study its mass which is provided by the integration of the energy density including the additional potential density,
after substitution of our ansatz in Eqs. (18) . Thus functional can be written by choosing the appropriate variables in terms of an adimensional function f (ǫ, µ) in analogy with Eq.(4),
Our aim is thus to calculate f (ǫ, µ). We concentrate in one of the potentials namely the one corresponding to α = 1 and β = 1, which is the one that most probably represents the symmetry breaking scenario [18] . The result for the other potentials is qualitatively quite similar. Moreover, we fix initially ǫ = 1 and study the variation of the behavior with µ for fixed ǫ. At the end of this section we study the dependence of the monopole mass on ǫ and µ.
The result of the calculation for different values of µ and (α, β) = (1, 1) is given in Fig.  4 . The monopole mass diminishes as µ approaches −0.5 from the 't Hooft-Polyakov value of 1.3225 to ∼ 1.0. However, around −0.5 the mass seems to drop to zero. Is that a true result or an artifact of the calculation? By looking at Fig. 3 we see that the potential has an inflection point at φ/φ 0 = 1 for µ = −0.5 . For values of 0 > µ > −0.5 the potential has a minimum at φ/φ 0 = 1 and is bounded for large fields. For µ < −0.5 there exists two minima one for φ/φ 0 < 1 and one for φ/φ 0 > 1. The solution H(ρ) becomes complex with oscillatory real and imaginary parts (see Fig. 5 ) and the energy is ill defined, i.e. the monopole solution becomes clasically unstable. The question we will address in the next section is the classical stability of the monopole solution when we approach µ = −0.5 from above.
The addition of µ-potentials reduces the mass of the monopole, as seen in Fig. 4 , by two mechanisms. The largest effect occurs for small ρ, see Fig. 6 , and is associated with the change of behavior of the solution due to the added potential, as shown in Fig. 5 . This change affects the kinetic terms due to the softening of the ρ → 0 limit. In addition, there is a negative contribution to the energy density due to the explicit contribution of the new potential term, as seen in Fig. 6 , which is small and always smaller than the kinetic terms and thus the energy density is always positive. The largest mass reduction occurs for values of the µ parameter close to µ = −0.5 where the vacuum solution becomes metastable.
Let us summarize the found characteristics of the new solutions. For µ > −0.5 a monopole solution for the full potential exists whose mass decreases from the 't HooftPolyakov value slowly until µ = −0.5 as shown in Fig. 4 . For values µ < −0.5 the monopole becomes unstable, i.e. the function H(ρ) complex. The potential is bounded from below everywhere but a second lower minimum appears for field values smaller than the Higgs value. This looks like a natural scenario for transition into the conventional standard model vacuum [18, 30] . 
Stability of the monopole solutions
Let us analyze the stability of the monopole solution by following the technique of Derrick [30, 31] of scale transformations. The contributions to the energy functional for the monopole solution may be written as,
where F a µν represents the gauge tensor and D i the covariant derivative. We now analyze the stability of the monopole solutions under scale transformations
Under these transformations The solutions of the equations of motion must satisfy,
but they are stable only if
We call the latter function the stability function. In Fig 7 we analyze the behavior of the mass function and the stability function for the potential (1, 1) . We see that the solution becomes unstable at the singularity. Thus for µ > −0.5 the solution is stable. In the inset of Fig. 7 we study the vecinity of the singularity to realize that the mass function continues to be softly decreasing, no sudden jump toward zero occurs. We also see that the stability function becomes negative very close to µ = −0.5. One should realize that we are using an ansatz not an exact solution and therefore the difference between −0.494 and −0.5 for the vanishing of the stability function is due to the approximation used. It is clear that the dominating exponential fall off of H disappears at the singularity and therefore our ansatz is not good anymore very close to this point. The goodness of the approximation can be judged by the fact that we are discussing at the level of the third decimal place.
From our numerical study of the mass and stability functions we safely conclude that the given potential effectively diminishes the mass of the monopole but only in a soft manner. We are talking of a decrease of ∼ 30%, not more, and the sudden drop seen in Fig.7 is just an artifact of the approximation used. With the present precision we see that the mass function is very softly decreasing up to the instability point, thereafter it ceases to be classically stable as discussed previously in Fig.5 and surrounding text.
We next examine the possibility that a change in ǫ might affect our conclusions. In Fig. 8 we show the value of the monopole mass for two extreme values of ǫ noticing that the conclusion we draw from this calculation is the same as before. The monopole mass is somewhat reduced by the addition of the scalar field potential. The stability analysis is consistent with that discussed for ǫ = 1. There is no qualitative change by varying ǫ. 
The fate of the false vacuum
As we have seen, classical field theories can have two homogeneous stable equilibrium states with different energy densities. Quantum mechanically the state of higher energy becomes unstable through barrier penetration and decays producing bubbles of true vacuum. If the difference in energy between the true and the false vacuum is high, many such bubbles will form, grow and nucleate. This mechanism will lead the system to have a transition to the true vacuum phase [32] . This transition will make the monopoles unstable [30] . Given the structure of our potential lighter monopoles occur close to the limiting µ = −0.5 value. To describe the quantum phenomenon we use the thin wall approximation [32] . In Fig. 9 the solid line represents our potential, and the dotted and dashed lines correspond to fits using Coleman's type potentials modified to have the zero of the potential for φ/φ 0 = 1, i.e.
One of the fits, Coleman1, sets the parameters to adjust the true potential above the minimum; the other, Coleman2, does it below the minimum. Using the Coleman potential the thin wall condition leads to a Boltzmann-like factor B B = 4π
which definines the probability of vacuum
Recall that we use natural units, i.e.h = c = 1 and the normalization of the potential which sets the Higgs minimum at 1. This normalization introduces additional electric charge factors in these expressions, so that Λ = e 2Λ and Ω = e 2Ω , where the symbols with tilde are the ones arising from the fits. Besides this charge factor associated with our normalization B does not depend on energy scales. We keep this in mind and omit the tildes from now on, thus
In the thin wall approximation the value of B is extremely sensitive to the width of the barrier as determined by η, while no so much to the height determined fundamentally by Ω or the large field behavior determined by Λ and Ω. For the two extreme fits shown in Fig.  9 the values of B range between 140(Coleman1) and 300 (Coleman2) using α em ∼ 1/110, i.e. at the GUT scale of 10 14 GeV 1 . We note that in the thin wall approximation small variations in the parameters, specially in η, can make B vary tremendously The remaining factor A is difficult to calculate [33] and moreover it is a dimensionful parameter. One can take for A as an indication the height of the barrier, which is a simple but poor approximation. For GUT ∼ 10 14 GeV, A ∼ e 110 GeV 4 . For higher values of µ the values of A are smaller and the values of B will grow, as can be seen by looking at Coleman1 in Fig. 9 , thus for masses closer to the 't Hooft-Polyakov monopole, quantum stability increases. In conclusion, Γ/V tends to be large in the vicinity of the instability.
From the above discussion we envisage a scenario in which monopoles are classically stable but the vacuum is quantum mechanically unstable. The false vacuum decays into the true vacuum by the formation of bubbles of true vacuum, a mechanism called nucleation. This bubbles grow and merge forming larger bubbles of true vacuum until most of the false vacuum has disappeared. Inside the bubbles, the classical scaler field is at the absolute minimum of the potential energy. The decay probability at GUT scales is large.
What happens to the monopole in this process of vacuum decay? Imagine a bubble of true vacuum is formed inside a monopole. The resulting object is a monopole with a hole of true vacuum inside, which has smaller energy density, therefore the original mass of the monopole is reduced as shown in Fig 10 . Figure Fig. 11 shows that the mass of the monopole depends on the size of the bubble. This dependence has been obtained by using the naive approximation, 
where R is the bubble radius and v is the properly normalized potential function 2 . The bubble grows with time and the mass is reduced. The growth will be stopped by conservation laws. Thus the monopole becomes meta-stable by true vacuum penetration. This complex systems behave as (meta)-monopoles, with a long monopole tail and small mass emitting energy in the form of particle radiation. It must be noted that the above scenario does not invalidate the arguments for cosmological monopole behavior [30] . However, it opens the possibility for meta-monopole low energy detection and what is more interesting, meta-monopole production by particle collision [34] .
Concluding remarks
The existence of magnetic monopoles is one of the most beautiful scenarios that modern physics can envisage. The original development of Dirac was put into a beautiful mathematical framework by 't Hooft and Polyakov which unhappily leads to a huge monopole mass, too large to allow production in present accelerator facilities. Since the ways of nature are inscrutable this might be the chosen solution for the universe. However, many physicist would like to see monopoles, not by their consequences in the universe, but by direct detection in their laboratories. This motivation has moved them to analyze detection experiments by assuming that the monopole mass is an unknown parameter, which experimentally is a well defined procedure. The large coupling of the monopole with ordinary matter arising from DQC should produce clear signals. At present many of these analyses are performed in not dedicated detectors, but the interest in monopoles is so great that a new dedicated detector MoEDAL to be installed at LHC is being built [8, 35] . On the other hand, the theoretical estimates at present are only a guidance since the large coupling constant inhibits the use of perturbative methods and a universally accepted non-perturbative approaches are not yet available.
Our research aims at matching the possible existence of light monopoles (TeV) with the beauty of Dirac's proposal as interpreted by 't Hooft and Polyakov. Are we able to change minimally the topological monopole scenario to reduce the mass? We are guided by the idea that vacuum metastabilities might exist at GUT scales, which change the monopole scenario. We have analyzed a series of µ dependent potentials which allow for the existence of topological classically stable monopoles with lower masses. The new monopole solution is modified with respect to the original 't Hooft-Polyakov solution in that the asymptotic exponential approach to unity of H(ρ)/ρ is soften.
In order to perform the clasical calculation we have used an ansatzto the monopole solutions, obtained by a variational study, which allows almost analytic calculations. The proposed potentials do not produce stable classical monopoles in the TeV range. We have learned that it might be useful to study modified potentials including gauge fields which do not affect the stability condition.
We have discovered, that for a certain choice of parameters, the Higgs minimum remains, but a second lower minimum arises which allows a quantum vacuum decay and leads to radiating monopoles of lower masses. This decay is by bubble formation and we envisage a scenario in which small bubbles of true vacuum at the center of the monopole represent a radiating monopole with effective masses smaller than its GUT mass. The process of radiation might be possibly inverted and converted into a production process and thus meta-monopoles might be created and detected. The new scale which enters the game is the size of the bubble which can easily compensate for the GUT scale.
